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I . Summary 

Object 

The object of this thesis was to design a 
servomechanism for maintaining a predetermined power 
output from a Network Analyzer phase-shifter as em- 
ployed in power system studieso 
Introduction 

Sinoe the power output of the phase- shifter 
when connected to a network, already supplied by other 
sources, is a function of its shaft angle, the power- 
sensitive servomechanism will maintain the predetermined 
power output by continuously controlling the shaft angle 
of the phase-shifter. 

Pro oe dure 

The block diagram of Figure I illustrates the 
approaoh that was made to the problem. After several 
commonly-used systems for accomplishing the purpose were 
studied, the armature-control direct-current motor sys- 
tem was chosen. Once the basic system was selected, the 
design of the individual components was undertaken. 

The component parts that were built were as follows: 

(1) A power- sensitive devioe consisting of an 
electronic wattmeter and a voltage amplifier. 

(2) A comparing devioe made from a potentiometer. 
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Figure I 

Block Diagram 
of 

Power Sensitive Servomechanism 






(3) An electronic voltage and power amplifier; 
the error- sensitive feature of the voltage 
stage eliminated the need for an Independent 
error- sensitive device. 

After these components had been developed, they were 
assembled Into a dosed loop, similar to that illus- 
trated In Figure I. The circuit diagram of Figure XI 
shows the details of the assembled servomechanism. 

Results 

Although the design cannot be considered suffi- 
ciently complete to permit construction of units for 
installation in the Network Analyzer, the progress that 
was made In the design definitely demonstrates that a 
power- sensitive servomechanism for the Network Analyzer 
is practical. The faot that the uncompensated system 
wae able to maintain a relative power setting when oper- 
ational tests were performed is the moat important re- 
sult. 

Slnoe the lack of time prevented extensive testing 
of the system, the system was not compensated. During 
operational tests the servomechanism showed a tendenoy 
to oscillate which indicated that compensation is needed. 
However, this B hunting H is indicative also of good re- 



sponse 



ReGULATTO PowEK SuPPLY 



Figure H 

Power Sensitive Servomechanism 
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Recommendations 

To determine the performance of the unooapensated 
system so that ooapen sating device a may be developed, 
frequency- response tests ahould be made. 

In addition, although the design as shown In 
Figure II was able to Justify the undertaking, several 
improvements should be made on its component parts be- 
fore any permanent installation is planned. 



II . Introduction 



The K.I.Y. Network Analyzer, located In Room 10-381, 
waa Dullt In 1929. The General Electric Company and 
the Institute ooopox'ated in It a development , design and 
construction. Although built primarily for educational 
purposes, oareful consideration waa given In its design 
to making It suitable for oomnerolal engineering service. 
Since the time It was first plaoed into service, It has 
been used extensively as an aid in solving problems in 
both categories. 

In the field of electrlo-power transmission and dis- 
tribution, both theoretical and practical problems often 
become so complex that their analytic solution is nearly 
Impossible. Electric light and power companies have vast 
networks of Interconnecting power lines and loops. These 
networks usually inolude several generating stations and 
many sub-stations in order to supply loads adequately and 
maintain the system voltages at their proper values. 

Studies are being conducted much of the time to determine 
the most efficient use of existing equipment, how to ex- 
pand to supply future loads, the effeote of short circuits 
and other outages and other problems associated with sys- 
tem operating and planning. The use of a network analyzer 
for the solution of these problems avoids tne nearly im- 
possible task of hand calculation and analysis, and quickly 



yielas results which are within an accuracy of one to 
two per cent wised on the data supplied for the problem. 

An important factor In a network-analyzer power- system 
problem solution is that the entire system or segment 
of the system under analysis may be studied as a whole 
rather than as a llne-by-llne or element- by-element 
process as is found in a hand-calculated solution. 

The network Analyzer consists of 6Ufflolent eleo- 
trloal parameters (adjustable units of capacitance, in- 
ductance and resistance), “phase shifters" and auto- 
transformers collected and arranged in such a manner 
that any average sized network can be represented In 
model size. A1 though the components tire normally wired 
into a single- phase system, the network Analyzer repre- 
sentation aotually becomes the analog of the multi-phase 
system it is arranged to represent. In actual power net- 
works, however, the generating units are rotating maohines, 
but in the Network Analyier, they are represented by static l 
units known As "phase shifters”. 

A phase shifter, when i$sed as a souroo of power for 
a network synthesized on the Network Analyzer, adequately 
represents an alternator supplying power to an actual net- 
work. This becomes apparent when one examines the general 
equations for power flow into a network (obtained from 
reference (6)). Consider that the single-phase network 
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of Figure Hi Is made up of strictly constant parameters 



and a number of voltages whose magnituue ana phase are 
known are impresses at n points. Assume that the posi- 
tive direction of current flov/ is into the network. The 
vector ulagram of vortages is shown in Figure H, where 
the phase position of each voltage is Indicated by its 
displacement angle with respect to a common axis of ref- 
erence. 

Inasmuch as the development of the expressions Is 
Included In the Appendix, only the results are furnished 
In the following. The expressions for the power and the 
reactive power, respectively, entering the network at 
point n of a total of b points of entry are? 
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F I6URE 121 

Vector Diagram of Terminal Voltages 
For Above Network 
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where : 



(a) the impedances with equal subscripts are short- 
circuit driving-point impedances and those with unequal 
suDsoripts are short-circuit transfer impedances . 

(b) tne angle 04 is the complement of the impedance 
angle; i.e. 

© 12L = ^ 0 — 

Or,, ~ l \C — 

etc,. 



(o) in using these equations, it should be remem- 
bered tiiat 
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so that 
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where as 









In view of the fact that equations (1) and (2) are 
so compact that they do not indicate readily the complex 
Inter-relationship among the various machines that feed 
a network, a more comprehensive insight can be obtained 
by applying these equations to a network with a finite 
number of impressed voltages. A suitable case which 11- 



luatrutes this Inter- relationship adequately Is one in 



whloh a network is supplied by three voltage sources, as 
shown in Figure IT. 



In equations (3), (4) and (6), the magnitudes of the 
Impressed voltages, the driving-point impedances, the 
transfer • impedances, and the Impedance angles for a parti- 
cular network can be treated as constants under certain 
3et conditions. Then the power flow into the network 
varies with the angles & » 

Dependent upon how the machines are repre seated, the 
angle delta ( 4 ) can represent any one of several angular 
displacements. The entry points into the network can be 
considered as the terminals of the machines for load stuale 
as the excitation voltages of the machines where the syn- 
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Figure Sl 

Vector Diagram of Terminal Vo LTAGES 
Three -Terminal Network Above 




chronous reactances are included In the network as for 
stenciy- state stability studies; or as the voltages be- 
hind transient reactances where the transient reactances 
are Included In the network aa for transient- stability 
studies. In the first oase, the angles are those between 
iaaohlne terminal voltages; In the eecona case, the angles 
are those between machine rotors; and In the third case, 
the angles are not representative of an actual machine 
quantity although they are assumed to represent rotor 
angles. 

In an actual power system, when a generator is con- 
nected to a network already supplied by other generators, 
its terminal voltage or rotor angle with respect to the 
other machines, Is automatically regulated by other re- 
lated factors, which in turn are controlled indirectly by 
the operator of the machine . For instance, the terminal 
voltage is maintained at a certain value by a regulator, 
and the power output of the prime mover (and therefore the 
generator) is determined by the governor setting. ,/hen 
these two variables are fixed for a machine in a system, 
that machine inherently fixids the correct delta to satisfy 
expressions (1) and (£)„ 

However, oecause the phase-shifter is a statlo element, 
the problem of finding the correct uelta is more compli- 
cated. The phase- shifter, as pictured in FigurelZOT, is 
built on a three-phase wound-rotor inauction motor frame. 
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It has a single-phase stator and a tliree-phuso rotor 
whloh can be rotated by weans of a hiuia ora;ik and gear- 
ing. Three-phase, 2bO-volt, 60-oycle per second power 
is supplied to the input terminals of the rotor. The 
stator has many taps on its single-phase winding so that 
a single-phase output voltage for the Network Analyzer 
of from zero to 400 volts may be obtained. Since the posi- 
tion of the rotor determines the position (in spaoe and 
time) of the Induced single-phase voltage with respect to 
the three-phase supply system, the output voltage of the 
phase-shifter can be continuously varied in both phase 
and magnitude. The phase shifter therefore differs from 
the alternator supplying a network in that its rotor angle 
is not obtained automatically; in other words, the voltage 
and angle must be set by the operator. The voltage can 
be set by selecting the proper tap, but the angle with 
respeot to the other phase shifters must be found by out 
and try until the stipulated power is obtained.* 

When a problem is being set up (on the Network Analy- 
zer) in whloh several power stations are involved, each 
station usually is scheduled to deliver a stipulated amount 



At times, the phase shifters must be set for a stipulated 
reactive power, in whloh case both the voltage and the 
rotor position are set by out and try. 



of power to the network. If each phase shifter is set In- 
dividually to the desired power, by the time the operators 
get around to setting the last phase shifter, those phase 
shifters which were set first require readjustment because 
of the effect of the latter stations on the network. The 
reasons for this effect are two- fold: 

(1) Referring to equations (1) and (3) the power 
angle relationship between the machines } 
have all been altered. 

(2) Inherent in each phase shifter are the resistance 
and reactanoe drops* which affect the angular dis- 
placement between the Induced single-phase voltage 
and the terminal voltage. As the power output is 
changed due to the change in power-angle relation- 
ships, the current also changes. When the ourrent 
changes, the resistance and reactance drops change; 
although this is a secondary effeot, it contributes 
to the difficulty of finding the oorreot rotor posi- 
tion. 

By making several rounds of adjustments and readjustments, 
the stipulated power output from each phase shifter finally 
is obtained. This is a tedious and time-oonsuming process, 
especially when the problem involves more stations than 
there are operators available . 



* See Appendix for vector diagram of Phase Shifter Voltages 



In view of the foregoing, It beoomes apparent that 
a device whloh would maintain a predetermined power out- 
put from a phase shifter, automatically compensating for 
the interactions between the power sources supplying the 
network when a problem Is being sot up, would have many 
advantages. The development of suoh a devloe not only 
would simplify the operation of the Network Analyzer as 
it Is presently used, but might also lead to the employ- 
ment of new techniques In transient analysis and other 
problems. 



III. Prooedure 



As established In the Introduction the power output 
of a phase- shifter Is some function of rotor angle. In 
view of this faot, a power- sensitive eervomeohanism re- 
sembles a positional eervomeohanlsia, but has a varying 
reference position depending upon the network conditions. 
The initial consideration of the overall servomeohanism 
system in block diagram form, Figure X , would lead one 
to believe that the design is simple. However, It becomes 
apparent that the design is far from simple when all the 
engineering aspeots of this particular problem are taken 
into aooounto 

In attacking the problem, the preliminary steps re- 
quired the establishment of design speolf loations. These 
particulars inoluded torque and speed of the servo motor, 
aoouracy and stability of the overall system, loading 
effect of the measuring device on the phase shifter, rea- 
sonable overall size, and environment. 

To determine the speolf loations for the servo-motor 
and consequently the rest of the system, a spare phase- 
shifter was removed from Its mounting and set up as shown 
In Figure US 1 . By bucking the output of the phase-shifter 
against a 110 volt, single-phase line, the torque and cur- 
rent as a function of rotor angle (with respeot to electri- 
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oal zero) were obtained. The re suit b are given In 
Table I. (see Appendix B). Unfortunately, as shown by 
Table I., torque as a funotlon of rotor angle was found 
to be erratlo in that It was grossly distorted by tooth 
effects, coulomb friction, and other ldiosynchrasles in- 
herent In the phase- shifter, rather than sinusoidal as 
would be expected. 

Because the ourrent base usually used for the Net- 
work Analyzer is one ampere, it was apparent from the data 
that a fractional horsepower motor would be adequate, 
approximately 1/20 horsepower at 40 revolutions per min- 
ute. As a check, and to obtain a realistic test, a 1/20 
horsepower alngle-»phase motor with a worm-gear head was 
used to drive the phase-shifter rotor while the phase- 
shifter was bucked against the line. Prom the performance 
of the motor and further study of Table L, the following 
specifications for the motor were drawn up: 

(a) Normal output torque be 10 inch pounds; to allow 
for a margin of safety, the motor shall be capable of de- 
livering 14 inch pounds. 

(b) The output shaft speed be not more than 30 revo- 
lutions per minute. 

(o) A worm gear drive is desirable for the following 



reasons 



(1) Reduces the heat dissipation problem. Often 
In network studies the power delivered by a phase- 
shifter may not be changed all day. By use of the 
worm goal', the motor would not be required to deliver 
full torque exoept when aotually driving the rotor 

of the phase-shifter, due to the nearly irreversible 
charaot eristic of the worm gear drive. 

(2) Reduces the effect on the motor of the er- 
ratic torque-angle characteristic of the phase- ahlf ter . 
Although not apparent from Table I., abrupt minor 
reversals in torque occur as the rotor is turned; the 
nearly irr ever sable characterlatlo of the worm gear 
drive should help overcome some of this effect. 

(d) Type of eervo-motor be direot-ourrent, armature 
control for reasons discussed in the succeeding paragraphs. 
Study of the design led to the following overall specifi- 
cations; 

(1) Aocuraoy-error must be less than 1 per cent 
of the power desired. Error cannot be specified in 
rotor degrees due to the considerations given in the 
Introduction. 

(2) stability-be well damped, but with suffioient 
acceleration to maintain negligible error during the 
set-up of a problem. 



(3) Loading effect of servoriechariiBia measuring 
devioe on the phase shifter be as snail as possible; 
should not be nore than the wattiaeters presently 
used. 

(4) Environiient-no extreme conciitlons, because 
the servomechanism will be Installed as part of the 
Network Analyzer. 

In decld ihg upon the type servo-motor, several Systems 
were considered. Beoause of the environment, systems having 
hydraullo elements were eliminated. Therefore, an all-eleotrl< 
system seemed preferable and the following were considered. 

(1) Ward-Leonard System 

(2) Amplidyne System 

(3) Relay or Contactor Type system 

(4) Two-phaso motor System 

(5) Dlreot-ourrent motor systems 

The Ward-Leonard System: 

The Ward-Leonard system oonslsts of a motor-generator 
which supplies the armature ourrent of the servo-motor. 

3inoe voltage impressed on the field of the servo-motor Is 
oonstant, the speed and direction of the motor is controlled 
by the armature ourrent, which in turn is a funotlon of the 

generator field ourrent. The cost and space requirements 
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resulting from the three frames needed for this system 
seemed excessive for this application. In addition the time 
delays Inherent in this system might cause oscillation be- 
tween the various phase- shifters interconnected by the net- 
work . 



The Amplidyne System; 

The amplidyne system is similar to the Ward-Leonard 
system in that an amplidyne-generator is used to supply the 
armature current of the servo-motor. Although this system 
requires one less frame and offers greater dynamo-electrical 
amplification than the Ward-Leonard system, it is undesirable 
for similar reasons. 

The Relay or Contactor Type System; 

The servo-motor can be oontrolled by means of relays 
and contactors. Although suoh systems have the desirability 
of simplicity, no power consumption while in standby or 
Btatio condition, and small oontrol-power requirements; they 
also have the undesirable features of finite Inherent error 
and a tendency to oscillate when attempting to held a null 
position. In order to overcome these features, oomplioated 
eleotrloal compensating olrouits and mechanical dampers 
would be required. For this application it appeared that 
the lack of information available on these systems would 
be too great a handicap to overoome. 



Two-phase Motor System 

The two-phase motor system is based upon the vari- 
ation in speed and direction of a two-phase motor when 
the voltage impressed upon one winding is fixed, and the 
voltage impressed on the other winding is varied in phase 
and magnitude. Since alternating- current would be used 
throughout such a system, it would have the advantage of 
employing alternating-ourrent amplifiers whloh offer ease 
of interstage coupling and are insensitive to drift. How- 
ever, difficulties anticipated in stabilisation and error- 
oompensatlon appeared to outweigh these advantages. 

hirect-Gurrent Motor Systems: 

(a) Field Jontrol 

When constant armature ourrent is maintained, 
the speed and direction of the motor can be controlled by 
the differential field current supplied to the split field 
by an electronic amplifier. Although this Bystem has the 
advantage of requiring only low-power tubes in the power 
amplifier, it has the disadvantages of requiring an aux- 
iliary device to maintain constant armature current and re- 
quiring greater heat dissipation at standstill beoauee full 
rated current is maintained in the armature at all times. 

(b) Armature Control 

When the field voltage is maintained constant, 
the speed and direction of the motor can be controlled by 






varying the direction and magnitude of the armature cur- 
rent. Although larger and more powerful vacuum tubes are 
required in a power amplifier that supplies the armature 
current, there are several advantages in the use of this 
system for this application. Full rated torque is avail- 
able at all speeds. Heat dissipation is minimized at stand- 
still because the armature current is then zero. And, it 
is possible by properly designing the power amplifier to 
obtain a combination whioh would give a large torque for 
a small error signal. 

The use of a dire ot- current system allows one to 
profit from not only the smooth control characteristics of 
direot-ourrent motors but also the ease of stabilizing the 
overall system with electrioal networks. In this appli- 
cation it was believed that the power required for the 
direct- our rent armature-control system could be supplied 
satisfactorily with vaouum tubes. Therefore this system 
was chosen* 

Design of the overall system required the develop- 
ment of the following component parts: 

(1) A power sensitive element 

(2) The comparing device 

(3) A voltage amplifier 

(4) A power amplifier 

(5) Compensating networks 



Power-3ensitive Element; 

A devloe that would produce a dlreot-voltage pro- 
portional to the real power In an alternat lng-ourrent sys- 
tem was required as the power-sensitive element for the 
system. Heal power oonsuiaod by an Impedance element In 
the alternat lng-ourrent system is given by 

P = VI ooo e 

where P - the real power 

V = the effective voltage across- that 
element of the system 
I = the effective current through 
v that element of the system 

& = the eleotrical angle between V and I 
Thus the power sensitive element, in essence, is a wattmeter. 

The only effeotive wattmeter available is the electro- 
mechanical type used in nearly every laboratory and by in- 
dustry to lndioate electrical power. An eleotro-meohanlcal 
wattmeter, due to its construction, has the disadvantages 
of having & large time constant, requiring several watts 
power from the circuit being measured, and producing only 
minute torque. If such a wattmeter were employed, addi- 
tional equipage would be needed to transform the motion of 
the indicator into a direct- voltage signal to be used as 
the input to the servomechanism. Several ingenious means 
of varying elaborateness for accomplishing this transform- 



atlon can be visualized (bee Appendix B). In view of the 
above-mentioned disadvantages and because of the addi- 
tional complication of transformation, alternate means of 
obtaining a direct-voltage signal proportional to power 
output were sought,, The most promising appeared to be the 
eleotronlo wattmeter. 

Although others have attempted to develop electronic 
wattmeters for various purposes, none oould be found that 
were dlreotly adaptable to this design. Churchill, in his 
thesis, reference (4), presented an eleotronlo wattmeter 
whioh he had designed and tested; sinoe in his design he 
had attempted to incorporate the feature of wide power 
and frequency ranges, it became quite complex, A simpler 
vacuum-tube wattmeter, employing multi-electrode tubes, 
was proposed by pierce in reference (3); this circuit ap- 
peared to have the advantages of simplicity, quick response, 
and negligible loading effeot on the system. Hence, Pierce’s 
basic olrcuit, Figure XL , was modified, built and tested; 
the modified circuit is shown in Figure XIL.. 

Inasmuch as the principles of operation are discussed 
in Appendix B, only a brief description of the circuit and 
the prooedure followed in overcoming the difficulties en- 
countered are presented here. 

A push-pull type olroult employing two type 6A8GT 
vacuum tubes is the baslo wattmeter element. The disposi- 
tion of the electrodes of each 6A8G-T pentagrid oonverter 
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Electromic Wat Tmetek ~ Original Circuit 




Figure -XE 

Electronic Wat tmetef< - Modified Circuit 










oon toe seen in Figure K1L . Gg and G^ are held positive 
at a fixed potential of 100 volts and 60 volts, respec- 
tively, atoove that of the cathode. G^ and are biased 
to a negative potential of -4 volts and -1 volt, respec- 
tively, with respect to the oathode. An alternating 
voltage proportional to the line voltage le then applied 
to G^ via a oenter-tapped transformer while an alternating 
voltage proportional to line ourrent is applied to via 
another center-tapped transformer. A direot-current am- 
plifier employing a high-mu, twin, power-triode (type 6N?) 
is used to amplify the signal so that the output signal 
from this device is large enough to be used diredtly in 
a comparing device * 

A power sensitive device, similar in general arrange- 
ment to that of Figure SL (values of ciroult elements not 
as shown in Figure I3L ) was built on a “breadboard” for 
experimentation and testing as an Individual unit. The 
results of preliminary tests were disappointing because 
they revealed the following undesirable features: 

(1) The output signal was too small. 

(2) It was difficult to obtain initial balance 
in both the wattmeter element and the amplifier. 

(6) The ciroult ’was too sensitive to stray sig- 
nals and noise; these stray signals seemed to result 
from pick-up by various circuit elements such as the 



grid leads, the signal transformers and the biasing 
system; the noise came from the oarbon resistors. 

(4) The linear range of the device was not 
adequate. 

(6) The drift In the devioe was so great that 
readings oould not be reproduced. 

The task of eliminating some of these faults and compen- 
sating for those which oould not be eliminated required the 
use of out and try methods. In some oases, a compromise 
had to be aooepted because time did not allow further ex- 
perimentation. 

Output signal: 

The original circuit proposed by Pierce employed a 
mllliamueter to Indicate power. Inasmuch as the input to 
the power amplifier was to be an error voltage, It was de- 
sirable to have a voltage signal as the output from the 
power-sensitive device. To obtain a voltage signal, the 
ammeter was removed and larger resistors were Installed In 
plaoe of the 300 ohm resistors. In order to find the value 
of the resistors that produced the optimum signal under 
specified operating oondltlone, several sizes of resistors 
were tried; it became evident that the optimum signal was 
obtained when the resistors in the plate circuit of the type 
6*17 tube were approximately 11,000 ohms. Therefore, two 
10,000 ohin resistors and a balancing potentiometer of 



2000 ohms were uaed. 

Balance : 

To allow for unbalance among vaouum tubes of the some 
type and the variation of the resistors (from their nomi- 
nal value) used in the plate circuit, it is oomraon praotloe 
to lnolude a balancing potentiometer in electronic circuits 
that operate about a null position. The potentiometer 
originally used for balancing the type 6A8 tube circuit 
was found to be inadequate and had to be increased to 10,000 
ohms. 

Stray Pick-Up and Noise; 

The stray plok-up in the grid lead3 was eliminated 
by replaolng the ordinary leads with shielded leads. 

The stray pick-up in the Input transformers, which 
was due to the oapacitanoe coupling between the primary and 
secondary of the individual transformers, wus eliminated by 
grounding one side of the single-phase supply to the load; 
this procedure reduoed the potential difference between the 
primary and secondary, since the secondary was at essentially 
ground potential. If it becomes necessary to have a poten- 
tial difference between the primary and secondary of the in- 
put transformers, It will be necessary to use transformers 
that have electrostatic shielas between the primary and 
secondary. 

The stray plok-up in the biasing system of the type 



6A8 tubes was the result of modifying Pierce's proposed 
oiroult, and it appeared to originate entirely in the 
one- volt bias circuit. In attempting to use a bias bat- 
tery whloh required a very low current drain, a high re- 
sistance potentiometer (one megohm) had been shunted 
across the 1.6 battery, inadvertently placing high resis- 
tance (about 0.6 megohms) between the grid and ground. 

When the bias battery was replaced by one tfhich would allow 
the use of a 50-ohm potentiometer, this oondltlon no longer 
existed and the stray pick-up was eliminated. 

By replacing carbon resistors with wire-wound resis- 
tors, noise at lov;-power levels was eliminated. 

Linear Flange; 

Although the main disadvantage in having only a small 
range of linearity in the power sensitive device is the 
added difficulty in calibrating the instrument, attempts 
were made to extend the linear range. The elimination of 
stray plok-up and drift extended the linear range consider- 
ably. Additional range was obtained by replacing the 8 
mlorofnrad electrolytic by-pass conaensers with 10 mioro- 
farad Pyranol condensers. As a final precaution, the input 
signal was reduced to ascertain that the tubes would be 
operating in their more linear range. 

Drift: 

Many factors contribute to drift in uncompensated 



direot-ourrent eleotronio circuits similar to the power 
aenaitive element. Volt&go supplies may have poor regu- 
lation; heater voltages may vary; and resistors may 
ohange In value as their temperature ohanges. After a 
voltage supply with excellent regulation was substituted 
for the inferior plate supply that had been used, a six- 
volt battery with nearly constant voltage was used for 
heater supply, and the olrouit was allowed to reaoh equi- 
librium temperature before a drift run was made, the drift 
over a reasonable length of time (several hours) wae neg- 
ligible. Long time drift due to ohanging tube character- 
istics can be compensated for by means of the balanoing 
potentiometer insofar as the application of this wattmeter 
is concerned. 

After the above-mentioned oorreotive measures had 
been accomplished, further tests were made. All of the 
preliminary tests had been performed with a pure resistance 
load; power was varied by varying the current as the volt- 
age was held constant; then power was varied by changing 
the voltage impressed on a fixed resistance. As a final 
check on the performance of the power sensitive element, a 
constant poiv'er run was made; power was held constant while 
the load impedance angle wae changed by altering the load 
network. The results of these tests may be found in the 
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Ro oulir a and are discussed in the Discussion of Results . 

Here it is suffloient to state that a definite 
voltage signal is obtained from the power-sensitive de- 
vice for a given power measurement, provided that the net- 
work parameters are not araBtloally altered. In other 
words, although this power-sensitive aevice produoes a 
direot-voltage proportional to the power it measures, it 
is not entirely aoourate when subject to a wide variation 
in power-faotor angle. Respite this limitation it could 
be used as part of the servomechanism. However it oould 
not be calibrated, and for eaoh network set-up, the com- 
paring signal would have to be set by oheoking the output 
of the phase- shifter with a wattmeter. The servomechanism 
would then maintain the power output of the phase- shifter 
at the desired value. 

It is believed that a major reason for the foregoing 
inconsistency la the phase shift occurring in the input 
transformers. Therefore an electronic input olrcuit, which 
vrould eliminate the transformers, 1 b desorlbed in the Recom - 
mendations . Another factor that may be contributing to 
the trouble is the bias used on the type 6A8 tubes; unfortu- 
nately, tine did not permit investigation of the effects 
of varying the grid bias in order to determine the optimum 
operating point for these tubes. 



Althougn the electronic wattmeter was far from per- 
fect, the deolsion was rnaae to proceae with other com- 
ponents of the over-all design ami, if tine permitted, to 
return and continue investigating the wattmeter A a later 
date. 



The Voltage and Power Amplifier: 

One of the reasons for selecting a direot-current 
servo-motor with armature control was the fact that with 
proper amplifier design full-load torque would he available 
at all speeds with a small error voltage. Although this 
is a severe requirement and one not readily achieved, it 
was considered necessary because of the eri’atic torque re- 
quirements of the Network- Analyzer Phase-Shifter. 

When the servo-motor (previously specified) was re- 
ceived and preliminary teste made, it was found that full- 
load torque required an armature ourrent of approximately 
250 milliamperes. This current requirement was attainable 
with a high- vacuum- tube power amplifier. 

Another Important requirement was that the motor had 
to be able to rotate in either direction. In otner words, 
the power amplifier had to be able to supply ourrent In 
either dlreotion, depending on the polarity of the error 
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signal o This requirement oould be met with a balanced 
bridge circuit. 

Although the first amplifier* that was built and 
tested, satisfied the latter requirement. It was unable to 
deliver sufficient current to accomplish the former. The 
main reason this amplifier failed to meet requirements 
was Its poor voltage regulation due to the large fixed re- 
sistors In the bridge circuit, when this fact was estab- 
% 

11 shea, the solution to the problem beoame obvious* 

By replacing the fixed resistors of the bridge cir- 
cuit with non-linear resistors, whose resistance would 
decrease as the current increased, the voltage regulation 
would be Improved; then the circuit would meet the re- 
quirements. In view of the fact that a vacuum tube is 
an excellent non-linear resistance whose non-linearity may 
be controlled by the grid-cathode potential, a bridge cir- 
cuit was developed utilizing four vaouum tubes. This cir- 
cuit la shown in Figure 2DX . The method of calculation 
used in developing this circuit can be found in Appendix D. 

A comparatively new, low** Impedance regulating tube 
was used. This tube, type 6AS?-G> was developed by RCA 
and is a low-mu, power twin-triode designed particularly 
for use as a series regulator tube in power supplies. Its 



See Appendix B for circuit and discussion 
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low-mu, approximately 2.1, requires a rather large oontrol 
voltage range from the voltage amplifier, hut this is 
not serious. Since each unit of this dual-trlode has a 
normal maximum plate current of 125 milllomperes with a 
potential drop of only 55 volts aoross the unit, it is 
perfectly suited for the application*, only one tube is 
needed in each leg of the bridge when the two trioae units 
in a tube are used in parallel. 

The large grid swing of the 6AS7-G requires a rather 
elaborate grid oontrol network. To obtain current flow 
in one direction, one pair of tubes (V? 3 . and VT q ) are out 
off when the other pair (VT 4 and VT & ) are passing the full 
load current; current flow in the opposite alreotlon re- 
quires the inverse of this condition. The potential of 
the grids of VT^ and VTg swing from zero volts at full load 
current to approximately minus 100 volts with respect to 
their cathodes (and ground) at cut-off; while the grid 
potentials of VT^ and VTg swing from zero to minus 100 volts 
with respect to their oatnoaes or from approximately 100 volt 6 



* Precautions; (a) The 5A3?-G requires a 15 second warm-up 

period prior to applying a signal calling 
for full load current, otherwise the 
cathode will be damaged. 

(b) The heater-cathode potential should be 

as small as possible. £ee he commendation! . 
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positive to 65 volts negative with respect to ground. 

The positive potential depends upon the potential drop 
aoross VT^ or VT q at out-off. Aa will be seen from the 
description of the remainder of the amplifier, the proper 
grid potential for full-load current 1 b automatically 
developed by the circuit. 

Proper grid potentials for the power amplifier stage 
are set by VT-^, VTg, VTy, and YTq and their assooiated 
resistor networks. Since VTg and VTg are oathode followers, 
the voltage gain In that stage of the amplifier Is less 
than one. similarly, the voltage gain of VT^ and VT^ to- 
gether with the voltage-leveling resistors R^g, R 13» 

between their grids and the cathodes of VTg and VTg 
la approximately two. Therefore the voltage amplification 
had to be obtained in the stages preceding the grid-control 
stage. 

Voltage amplification la obtained in the portion of 
the oirouit oontainlag VTg and VT^ Q . A voltage gain of 
approximately 44 is secured for small signals. Since this 
stage also aots as a phase inverter, It serves a dual pur- 
pose. 

The phase inverter is an essential part of the oirouit. 
When a signal Is impressed on the grid of VTg, the inverse 
of this signal must simultaneously be impressed on VTg for 
the bridge to function effectively. For example, if the 



and t^Q 



signal to VT is six volts negative, tli 9 signal to VT 

© 

must be minus 110 volts because the zero signal for VTg 
and VTq Is a potential of minus 60 on their respeotlve 
grids. This feature of phase inversion is the crux of 
the design; by means of the grid-control network, the 
phase inverter effectively outs off VT^ and VTg and allows 
VT 4 and VTg to pass approximately 250 mllllaraperes through 
the armature of the servo-motor in one direction, or it 
outs off VT ‘ 4 and VT & and allows VT^ and VTg to pass approxi- 
mately 250 milliamperes through the armature of the servo- 
motor in the opposite direction, depending on the polarity 
of the signal impressed on- the input terminals of the 
voltage amplifying and inverting stage. 

The foregoing arrangement satisfied the requirements 
set for the amplifier-motor combination. The current- 
forcing action of the power amplifier gave the good voltage 
regulation that was required. The other associated parts 
gave the torque-error voltage relationship that was desired. 
How this is accomplished can be seen by noting the voltages 
throughout the circuit under operating conditions. 

When the signal to VTg is six volts negative, the sig- 
nal to VT^ is 110 volts negative and the signal to VT^ is 
65 volts negative, all with respeot to ground. Slnoe the 

cathode of VT is at a positive potential of 35 volts with 
3 

respect to ground due to the voltage drop across VT^( recall 
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that a GAi37~0 tube has a potential drop of 36 volte when 
each trlode unit is passing 125 milllamperea) , the grid to 
cathode potential of VT^ Is 100 volte negative, the out- 
off voltage of VT^, and therefore no current flows through 

vt 3 . 

When the signal to VTg is six volte negative (as 
above), the signal to VT 4 la aero volts. Therefore VT 4 is 
conducting approximately 250 milllamperes. 

As previously stated, VTg should be out-off when VTg 
is cut-off and VTg should be conduct lag armature ourrent 
when V? 4 is oonduotlng ourrent. The phase-inverter together 
with the grid-control network of VTg and VTg permits these 

tubes to function properly. 

When the signal to VTg i8 six volts negative (as above), 
the signal to VT Q la 110 volts negative because of the phaBe- 

O 

inverter* action of VT g and VT For this condition the 
signal to VTg is minus 100 volts, the cut-off grid potential. 
The cathode potential of VTg is approximately minus 100 
volts and due to the voltage-divider notion of and R^ Q , 
the potential of the grid of VT ? is approximately 150 volts 
negative. Therefore VT^ is praotioolly out-off and its 
plate potential is approximately 140 volts positive (neg- 
lecting grid current of VTg). Slnoe the grid of VTg is 



For details of the phase-inverter, refer to Appendix 1). 
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oonneotea to the plate of VT^, the grid potential of VT & 
should be approximately 140 volts; however, this con- 
dition results in a large positive grid to cathode volt- 
age on VT & and causes a large grid ourrent to flow, which 
in turn affects the voltage at the plate of VT 7 „ 2n doing 
so, the grid to cathode potential is automatically re- 
duced to a slightly negative value 0 Therefore VTg Is 

allowed to conduct approximately 250 mllllampereso 

Although the grid-control circuit and the associated 
phaee-lnverter clrouit are somewhat complex, the overall 
voltage and power amplifier benefits from this complexity. 

If the input signal to the phase- inverter is larger than 
that required for full load armature current in either di- 
rection, no harm is done because the tubes oannot operate 
above their maximum ratings. The plate current of the 6A37-G 
tubes is limited to 350 milliamperes by the grid ourrent 
of VT 3 and VT & through the resistors R 1& , P ? and R^, re- 
gardless of the size of the input signal. For an input 
signal greater than that required to produce full load our- 
rent, either VT^ or V? 7 is cut-off and the plate ourrent 
in the other is limited by the respective plate resistor 
and P ? or R^) and grid-bias resistor (R^ or R^). 

The maximum plate ourrent through VTg and VT 0 is limited 

by the large biasing resistor required for proper olroult 
operation. The plate current in the phase- inverter stage 
is limited by the large load resistors. Many rigorous 



operational teats were Bade on the amplifier and no harmful 
effeots were observed. 

Saturation oooura first in the power amplifier. Slnoe 
saturation does not ooour until the servo-motor is operating 
at maximum output, the operating range of the motor is 
fully utilized. In addition, saturation (and therefore the 
condition of maximum available torque from the servo-motor) 
occurs when a 6oall signal is applied to the input termi- 
nals of the amplifier; henoa, maximum torque is available 
for small error signals as well as for large error signals. 

In spite of the fact that eeveral supply voltages 
are required for the amplifier, only two of t^ supply volt- 
ages are critioal. These are the two negative voltages 
to the phase -inverter stage. Even so, these voltages them- 
selves are not orltloal, but the difference in potential be- 
tween them Is the critical faotor. For the phase-inverter 

to function properly, a difference In potential of 8 volts 

be maintained 

oustAbetween the two negative voltages of the phase-inverter 
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Comparing Device 4 

For a servomeohanlsm to know whether its output is 
in agreement with its input, the servomechanism must have 
some means of determining the error between the input and 
the output. The Input signal to the power-sensitive ser- 
vomechanism must be proportional to the power desired; 
the output signal must be proportional to the power delivered 
to the Network Analyzer by the phase- shifter involved; 
both signals muBt be compatible so that they can be combined 
to give an error signal. Inasmuch as the signal from the 
power-sensitive device iB a direct voltage propoi't ional to 
the power output of the phase-shifter, the simplest stan- 
dard with which to compare this dlreot voltage is another 
dlreot voltage. This comparing voltage could be obtained 
from a battery or a well-regulated power supply; a linear 
potentiometer could be used to establish the level desired. 

If an aoourate and reliable power- sensitive device had 
been developed, the potentiometer could be calibrated in 
watts. The error signal would than be the algebraic dif- 
ference between the two dlreot voltages. 

Since the electronic wattmeter was not perfeoted, but 
had to be used beoause time did not allow further work on 
this oomponent, no attempt was made to build and calibrate 
an aoourate comparing devioe. 

Assembling the Components; 

When all the oomponent s (exoept the compensating de- 
vice) were developed and perfeoted as much as time permitted, 



they were assembled Into a unite One of the problems en- 
countered. was the large difference In direot voltage level 
between the output of the power-sensitive element (+360 
volte) and the input of the voltage and power amplifier 
{-230 volts). As an expedient solution rather than a 
recommended practice*, batteries were used for the voltage 
level reducer. Although this voltage leveling system was 
used only as an expedient in order to assemble the system 
and make a hasty test of its performance, the employment 
of batteries offered a means of combining a crude com- 
paring device with the level change r. Two 300-volt Eveready 
Minimax batteries were oonneoted in series; sinoe these 
batteries eaoh had a terminal voltage of 309 volts, a total 
of 618 volts were available. To buok out the excess volt- 
age a 6?.6-volt battery shunted by a high resistance 
potentiometer was used; therefore the voltage available for 
use as a comparing signal was 67.6 volts. (See Figure JL 
for oonneotions) . 

Two interesting conditions resulting from the use 
of batteries were noted when these components were oonneoted 
together: 

(1) The oomparlng device must be plaoed in the grid 
leg at the power aapU Lfier. If the potentiometer is con- 
nected in the leg of the input to the power amplifier that 
included the cathode of the phase- Inverter and the minus 



* See Conclusions and Recommendations. 



250 volt power supply, a current flow of two to three 
milllamperes results; this ourrent flow masks the error 
signal and the system will not function. 

(2) Only one voltage leveling system is required. 
Apparently the common ground between the two components 
completes the circuit, and although the other leg can be 
connected together with a voltage leveling system, it 
is unnecessary because the overall system performs equally 
well In either case. 

Closing the Loop; 

After assembling the entire servomechanism, the 
loop was closed by buoking the output of the servo-oon- 
trolled phase-shifter against another phase- shifter. Be- 
fore the loop oould be closed, the voltages of the two 
phase- shifters had to be matched in phase and magnitude to 
avoid excessive oiroulating ourrent in the event that the 
servomechanism failed to operate. 

Condensation Devices: 

Compensation, as enjoyed in servomechanism design, 
usually Implies that additional equipage is added to the 
system to Improve system performance. Therefore, the 
auxiliary devices needed for compensating a system cannot 
be specified until the response of the uncompensated 
servomechanism is known. 

The generally aooepted means of determining the aoou- 
raoy and stability of a servomechanism (and the compensation 



required by the system) is by frequenoy-response studies*. 
This approaoh is based on the steady- state response of a 
system to sinusoidal inputs. Such studies may be performed 
analytically or by a combination of analytical and experi- 
mental techniques. 

In the purely analytical approaoh, e&oh component 
of the servomechanism under study is represented by a 

mathematical transfer function*. The individual transfer 

I 

functions are combined mathematically and converted into a 
non-dimensional expression, which is then plotted on a 
frequency basis. From the graph, one can estimate the per- 
formance of the uncompensated system and determine the 
need for compensation. 

Often, existing equipment oannot be represented mathe- 
matically without unwarranted simplifying assumptions. In 
such cases, a frequency response study can be performed 
experimentally if the system arrangement is suitable. A 
sinusoidally varying input oovering an appropriate frequency 
range can be introduced into the system and measurements 
of the phase and magnitude of the output with respect to 
the input can be obtained. From the graph of this data, 
one oan estimate the performance of the servomechanism and 
determine the compensation required. 

Since the power- sensitive servomechanism has several 
components whioh are difficult to represent nA thematically, 
the latter method of obtaining its frequency response is 



* Refer to references (6), (8) and (11) 
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preferable. The loop can be broken at the point where 
the error signal la applied to the voltage and power 
amplifier. Then a sinufeoidal Input can be applied as 
a substitute for the error signal ana suitable measure- 
ments oan be obtained by means of strategically placed 
instruments o 

Although a frequency-response study of the power- 
sensitive servomechanism was contemplated so that a com- 
plete report could be made on its performance and suitable 
compensation could be recommended, the lack of time pre- 
vented the performance of such extensive teste. 

Tests performed: 

Although only operational tests were performed on 
the assembled servomechanism because time did not permit 
further investigation, several tests were made on the in- 
dividual components. These tests were also of the perform- 
ance type and extensive data was not recorded. 
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XV. Results 



Although the design of the power-sensitive 
servoueohanlsm ae developeu by this undertaking cannot 
be considered sufficiently oomplete to permit con- 
struction of units for Installation in the Network 
Analyzer, the progress that was made In the develop- 
ment of the design definitely demonstrates that a power- 
sensitive servomechanism for the Network Analyzer la 
practical. 

In spite of the fact that the lack of time did 
not permit extensive testing of the system that vaB 
built, when this system was assembled and the loop 
was dosed, the servomechanism performed satisfactorily. 

The fact that the unoompansated system was able * 
to maintain a relative power setting la the most im- 
portant result. When the angle of the hand-operated 
phase-shlf ter was varied, the servo-operated phase- 
shifter followed and maintained its approximate power 
setting. However, for certain power settings near zero- 
power-output, the servomeohanism hAd a tendenoy to hunt. 
Although this oscillatory motion about a set-point in- 
dicated that compensation was needed, hunting in an 
unoomponsated system is indicative of good response. 
Therefore the basic system la considered a success. 



V. Discussion of Results 



Although no quantitative results vere obtained be- 
oause of the laok of time, the qualitative results Just Xtj 
the undertaking; and therefore, the project can be con- 
sidered successful . 

Slnoe the performance of the overall system is de- 
pendent on the performance of the components, each of the 
consonants that was finally assembled into the closed loop 

will be discussed briefly. 

The power- sen el tive element is the most important 
component of the servomechanism. Slnoe this device mea- 
sures the output of the system and produces the signal 
to be compared with the input signal, it must have an in- 
herent accuracy greater than that required of the over- 
all loop. The eleotronio wattmeter fulfilled this re- 
quirement only when the impedanoe to which the power flowed 
remained unohanged; in other words, the eleotronio watt- 
meter produced the same signal for a given power provided 
that the power- factor angle was not radically changed. 

Slnoe most Network Analyser problems involve fixed net- 
works, this limitation would not disqualify the eleotronio 
wattmeter. However, in view of the variety of networks 
that are analyzed on the Network Analyzer, this limitation 
would prevent calibrating the signal from the electronic 
wattmeter on a permanent basis; the devloe would have to 
be re-calibrated for each problem. Except for this fact, 



the electronic wattmeter appears to be Ideally suited for 
the power-sensitive element. 

Because of the fact that the comparing device is 
a simple direct-voltage souroe shunted by a potentiometer, 
its aocuraoy is limited only by the stability of the volt- 
age source and fineness of the wire on the potentiometer*. 

Since the voltage and power amplifier was able to 
provide the motor with sufficient power to enable the 

motor to rotate the phaek- shifter .when the error signal 
demanded a correction, the amplifier operated satisfac- 
torily. 

Although the motor and worm-gear drive was capable 
of rotating the phase- shifter under load conditions, the 
hunting that was observed Is partially attributed to 

motor-worm-gear combination. 

On the whole, the results indicate that a power- 
sensitive servomechanism employing these components is 
practical and can be adjusted to perform in an adequate 
manner provided that the following modifications be made; 

(1) Perfect the electronic wattmeter or obtain a 
suitable substitute. 

(2) Reduce the speed of the servo motor by either 

(a) changing the motor 

(b) increasing gear reduction 

(3) Compensate the overall system. 



* See reference (8) pages 95 to 100. 



VI. Recommendations 



The recommendations can be classified into four 
categories: 

A. improvements and modifications to the design 
that has been developed; 

B. alternate equipment to perform the functions 
of certain individual component e of the de- 
sign; 

0. alternate systems o&pable of being adapted to 
perform the funotion of a power-servomechanism; 

D. future Improvements to the Network Analyzer 
that might be possible if auooeasful power- 
sensitive servomechanisms are Installed to con- 
trol the phase-shifters. 

A. In order to design the compensating devices that 
appear to be required, a frequency-response test* should 
be performed on the existing power-sensitive servomechanism. 
Although the servomeohanlsm should be serviceable as soon 
as the oompenBation has been accompli shed, improved per- 
formanoe can be obtained from the overall system by making 
the following modifications to the components: 

1. To the eleotronio wattmeter, 

(a) By experimentation, determine the proper grid- 
biases for the 6A8 pentagrld converters. Al- 
though the bias-voltages that were used allowed 



* Refer to Procedure for details of teat. 




the wattmeter to funotlon, these biaB-volt- 
agee are not considered to be the proper 
value for optimum accuracy and response. 

(b) Replace the present signal-transformers with 
transformers whose phase-shift la small 
enough to be negligible. 

(o) Arrange the olrouit of the wattmeter with res- 
pect to the general layout of the system so 
that the wattmeter reaches and remains at an 
equilibrium temperature at all times when the 
system Is in use. 0y assigning an Indepen- 
dent power supply to the wattmeter element 
and Installing an Isolating swltoh between the 
power sensitive device and the voltage-and- 
power amplifier, this section oould be left on 
and it would be ready for use at all times. 

(d) Investigate the possibility of using minia- 
ture tubes (6A36* for the 6A6 and 12AX7 for 
the 6N7) 

2. To the voltage and power amplifier, 

(a) Investigate the possibility of improving the 
balancing of the output voltages of the phase- 
inverter. 



* See reference 7 




(o) Replace tne Input signal transformers with 
an electronic Input oiroult. 

(I) For current Input oiroult see 
Figure and Figure 2QGZT. 

(II) For voltage Input circuit use a 
oathode follower circuit. Then the 
amount of voltage signal to the elec- 
tronic wattmeter may be set by the 
amount of the cathode resistor that 
is included in the grid circuit of 
the type 6 a 8 tubes. 

2. For the comparing device, 

(a) Uae a Hellpot* in place of the potentiometer. 

(b) Uae a well-regulated power supply in place 
of batteries as a direct voltage source. 

3. For the coupling between the power- sensitive de- 
vice and the voltage and power amplifier. 

(a) Use a constant-ourrent electronic coupling, 

similar to the oiroult of FlgureJSEL , in plaoe 
of the 600 volt batteries. 

0. In view of the fact that, in the opinion of others 
who may wish to continue the work, the design presented 
may not be the optimum, a few alternate systems capable 
of being adapted to perform the function of a power-sens- 



* See references (7) and (8) 
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itive servomechanism are presented. 

1. Split-series motor systom as described on page 
427 of reference (7), 

2. Magnetlo amplifier systems as described in ref- 
erences (18), (19) and (20). 

3. Two-phase motor systems as described on page 440 
of reference (7) and also as described In ref- 
erence (10). If two-phase systems are considered 
the Iron- vane bridge described in Appendix B 
offers anj ideal method of oontrol . 

4. Relay or Contactor servo-systems as described on 
page 446 of reference (?)• At present, consider- 
able research is underway In this field and the 
results should be available in the near future. 

D. If successful power-aensitive servomechanisms are 
installed to oontrol the phase- shifters of the Network 
Analyzer, their installation not only would simplify the 
operation of the Network Analyzer as it is presently used, 
but might also lead to the employment of new techniques 
suoh as the following: 

— • 

1. Automatic oontrol of power, reactive power angle, 
and voltage for each unit with adjustments being 
made from a control operator's position. 

2. Simplified representation of phase- shifting trans 
formers by automatic control of phase-shifter out 
put. 



By incorporating automatic angle control for 
each phase-ehlfter, and with all phase- shifter a 
controlled from a central point, transient 
stability problems can be solved utilising com- 
puter techniques at the central point. The 
computer would solve the eleotro-mechanlcal dif- 
ferential equations by utilizing the network 
and the phase-shifters to give the relationship 
between power output and angle at each machine 
at every instant of time. The solution could 
appear in a set of curves on a recording instru- 
ment ohart. 
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VII. Appendix 

A, supplementary Introduction 

The general equations for power flow into a network 

ft 

were obtained from reference (&). The development of 
these equations, also obtained from pages 220 to 224 of 
reference (5), are presented here in order to Justify their 
use in the Introduction of this thesis report. 

Referring to the n - terminal .network of Figure HU 
composed of elements with strictly oonstant parameters, 
assume that the positive direction of current flow is into 
the network and that voltage of known phase and magnitude 
are impressed at the terminals. The vector diagram of 
voltages is shown in Figure 3ST where the phase position of 
each voltage vector is Indicated by its displacement angle 
with respeot to a common axis of reference. 

By taking the product of the ourrent and the conju- 
gate of the voltage at any point of entry of the network, 
one may obtain the expression for power and reaotive power. 
For example, at the points 1 and n: 



f? +jq -e;!, = E 1 (x„-V r is r '->) | 

■- V O') 
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Vector Diagram of Terminal Voltages 
For Above Network 



X E ' 












4 ^* 



r 6 3 



E 

3 






The component currents Into whloh the total current 
at a point la split, are those that would flow, respec- 
tively, at that point in response to eaoh voltage being 
applied alone with all the other terminal points of the 
network short-circuited. In the double-subscript notation 
employee, the first symbol refers to the point to whloh 
the quantity belongs, and the second to the point of volt- 
age application. Corresponding voltages and ourrents are 
related by Impedances, for instance: 




The impedances with equal subscripts are the short- 
oirouit driving-point Impedances and those with unequal 
subscripts are short-circuit transfer Impedanoes. 

Substituting equations ( 7 ) in equations ( ) -and 



t — ) giv es-: 



